The stability of the Bl structure of the binary ionic compounds under high pressure has been studied theoretically, applying the density-functional formalism to AgCl, which exhibits the phase transition from the B1 to KOH-type structure. The result is that the ground state properties and the phase transition are described quite accurately. The difference in the stability of the B 1 structure of AgCI and NaCI was discussed based on the atomic structure of cations.
Introduction
The Bl (NaCl-type) structure is one of the most typical crystal structures of the MX-type ionic compounds. Many of these compounds have been known to have the B2 (CsCl-type) structure as their high pressure phase. Especially, typical alkali halides exhibit the direct transition between these structures. The mechanism of the B1-to-B2 transition has been widely discussed so far. [1] The previous studies revealed the atomistic motion at the transition by establishing a crystal orientational relationship for some compounds. [2] However, the understanding of the mechanism based on the electronic structure has not been obtained yet. In this paper, the stability of the Bl structure under high pressure has been studied, using the density functional formalism and the pseudopotential technique, especially for AgCI.
The Bl structure can be transformed to the B2 structure by continuous displacement of atomic planes. Most of the previous studies have investigated the displacement by using a single crystal and a diffraction method Due to the grain structure of the high pressure phase, the onentational relationship is controversial in many cases. Recently, the intermediate phases between the B1 and B2 phases have been found for AgCI. [3] Kusaba et at. assigned these new phases as the KOH-and TlI-type structures (Each structure has a monoclinic and orthorhombic cell, respectively). They have also shown that the successive distortions which are mainly the displacement of atomic planes connect the B1 and B2 structures and that the KOH-type structure is an intermediate one between the BI and TII-type structures. Therefore, it can be expected that the study on the transition from the B1 to the first highpressure phase, the KOH phase, of AgCI provide us with information on the stability of the B1 phase.
Calculation Method
The calculations have been performed within the densityfunctional formalism with the help of the ab initio optimized pseucbpotential method [4] The exchange-correlation energy was evaluated with the generalized-gradient approximation (GGA). [5] The pseudopotential of Ag for the d-component was generated so to reproduce the fully-occupied 4d orbital. The wave-functions were expanded with the plane-wave basis set of which kinetic energy is smaller than 50 Ry. Using larger cutoff energy changes the results for the ground state properties described below less than 1 %.
In the present study, total energy calculations were performed for the BI, KOH-type, and B2 structures of AgCI. The space group of the KOH-type structure is P2, and it has two formula units in a unit cell. All observed structures for this compound can be expressed with this structure. In the present calculation, the P21/ m symmetry was assumed instead of the real symmetry for the KOH phase by introducing the mirror symmetric plane perpendicular to the b axis to reduce the computation time. In the case of other structures of AgCl, this additional symmetry is already included With this assumption, Table 1 . Comparison with the experiment [3] of the calculated equilibrium volume (V0), bulk modulus (B0), and pressure derivative of the bulk modulus (B') for the B1 structure of AgCI the atomic configuration of the KOH phase were determined with the help of the Hellmann-Feynman forces.
Results and Discussions
The ground state properties calculated for AgCI in the B1 phase are summarized and compared with experiment in Table  1 . These values were obtained by fitting the total energies to the Murnaghan equation of state. The discrepancy between the calculated and measured values is within a few percent for the equilibrium volume and the bulk modulus. The local-density approximation was tested for this material and the obtained results differ from the experiments by 9% smaller for the volume and 46% larger for the bulk modulus than the measured values. Figure 1 shows the results for the total crystal energy calculations in AgCl as a function of volume for the BI, KOHtype, and B2 phases. At zero pressure, the B1 structure is found to be the most stable form and this is consistent with experiment. As a pressure increases, the B1 structure undergoes a phase transition into the KOH-type phase. The calculated pressure for this transition is 8.1 GPa and this value is in excellent agreement with the measured value, 8.0±0.5 GPa.
The pressure dependencies of the lattice parameters are depicted in Fig. 2 . The agreement between the calculations and the experiments is excellent, although some discrepancies can be seen for the lattice constants a and b of the KOH-type phase.
For most of alkali halides, direct transition from the Bl to B2 phase takes place. To compare the stability of the Bl structure of AgCl with that of NaCl, the total energy changes due to the [110] shear distortion were calculated for AgCl and NaCl. [6] In this calculation, the distortion was added in such a way that each couple of adjacent (001) atomic planes are displaced rigidly along the [110] direction. Such a distortion can connect the B1 structure to the TiI-type structure continuously via the KOH-type structure. The results are plotted in Fig. 3 . It can be seen that, for AgCl, the Bl structure becomes unstable at V/Vo-0.85, where Vo is the experimental equilibrium volume close to the volume observed at the B1-to-KOH-type transition. In contrast, NaCI has the B1 structure as the stable form up to V/Vo=0.70. From this result, the KOH-type phase of NaCI seems unlikely even at the low temperature.
A major difference between Ag and Na ions can be seen in the most outer core orbitals; 4dfor Ag and 2p for Na. While the 2p orbital of the Na ion is tightly bound to the nucleus, the 4d orbital of the Ag ion has finite amplitude far from it. The calculation shows that the radius which contains 99% of the Ag+-4d and Na+-2p orbitals are 1.89A and 1.19A, respectively for free ions. In the equilibrium Bl phase, these ions are located 2.78A for AgCI and 2.81A for NaCI from the nearest-neighbor Cl-ion. In conjunction with the ionic radius of Cl 1.85A, the ionic core of Ag+ has a significant overlap with Cl even at the ambient condition while the overlap for NaCI is quite small. The B1 structure is one of the most favorable form for the system which consists of the positive and negative point charges interacting each other electrostatically. In other words, the Madelung energy is a major contribution to the stabilization of the B1 structure. However the overlap between cations and anions for AgCI reduces this contribution. Therefore, the large ionic core of Ag+ makes the B1 structure tend to be unstable.
It has been reported that the Bl-to-B2 transition of CsCI occurs directly by exchanging the crystal axis in the same manner as the case of AgCI.
[l] The Cs atom has 'a shallow 5p core state and a relatively large core radius: the radius containing [7] has predicted that the instability of the Bl structure with respect to the shear distortion occurs for NiO. Its crystal structure is based on the B1 structure. Due to the antiferromagnetic order, it already exhibits a tiny distortion along the [111] direction at room temperature. Figure  4 is the calculated pressure dependence of the c/a ratio. While da decreases linearly with pressure up to 60 GPa, its pressure dependence becomes much larger at higher pressures.
The large distortion has been analyzed by the competition between the electrostatic energy and the band structure energy and the former energy was found to be the driving force. Similar to the Ag+ ion, the Ni2+ ion has a large ionic core due to the 3d orbitals. The large contribution of the electrostatic energy to destabilize the Bl structure can be related to the large ionic core radius.
In summary, the stability of the B1 structure of AgCl has been investigated theoretically. It was found that the densityfunctional theory can describe not only its zero-pressure properties but also the transition to the first high-pressure phase with the KOH-type structure quite accurately . From the comparison with NaCl, it was discussed that the stability of the Bl phase of AgCl can be affected by the large ionic core radius of cations which reduces the ionic character in the bonding. 
